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Optial Pumping Experiments onNext Generation Light SouresS. J. Moon, K. B. Fournier, H. Sott, H.-K. Chung, and R. W. LeeLawrene Livermore National Laboratory, L-473, P.O. Box 808, Livermore, CA 94550ABSTRACTLaser-based plasma spetrosopi tehniques have been used with great suess to determine the line shapes ofatomi transitions in plasmas, study the population kinetis of atomi systems embedded in plasmas, and look atthe redistribution of radiation. However, the possibilities for optial lasers end for plasmas with ne > 1022m�3as light propagation is severely altered by the plasma. The onstrution of the Tesla Test Faility (TTF) atDESY (Deutshe Elektronen-Synhrotron), a short pulse tunable free eletron laser in the vauum-ultravioletand soft X-ray regime (VUV FEL), based on the SASE (self ampli�ed spontaneous emission) proess, will providea major advane in the apability for dense plasma-related researh. This soure will provide 1013 photons in a200 fs duration pulse that is tunable from � 6 nm to 100 nm. Sine an VUV FEL will not have the limitationassoiated with optial lasers the entire �eld of high density plasmas kinetis in laser produed plasma will thenbe available to study with the tunable soure. Thus, one will be able to use this and other FEL x-ray souresto pump individual transitions reating enhaned population in the exited states that an be easily monitored.We show two ase studies illuminating di�erent aspets of plasma spetrosopy.Keywords: Laser produed plasma; X-ray spetrosopy, Free eletron laser1. INTRODUCTIONThe next light generation soures, based on self ampli�ed spontaneous emission (SASE), an play a ritial rolein moving the �eld of plasma spetrosopy substantially forward. Advanes in the area of plasma spetrosopitehniques require a fast-rising short-duration soure of high-energy photons, and a pump rate larger thanompeting rates. Currently no VUV laser or synhrotron-based light soure has the required ux. However, thenext generation light soures, whih will be tunable, narrow-band x-ray soures with very short pulse duration,will ahieve the neessary intensity. Indeed, for all the plasma-based researh the individual bunh photonnumber is the essential quantity and one �nds a > 10 order of magnitude enhanement in this quantity thatmake these the most promising soure for plasma-based researh. Under onstrution at DESY (DeutsheElektronen-Synhrotron) is a short pulse tunable free eletron laser (FEL) in the vauum-ultraviolet and softX-ray regime (VUV) based on the SASE FEL proess. The pulse length will be of order 200 fs and tunabledown to 6 nm providing 1013 photons per pulse. This VUV FEL will provide a test bed to �eld a variety ofexperiments investigating plasma onditions not previously aessible.There is great interest in the higher temperature dense plasma regime, i.e., plasmas with eletron densitiesne � 1022m�3. In any experiment where a high intensity laser, e.g., Ilaser � 1012W=m2, irradiates a solid targetthere will be a region of the solid that is hot and near solid densities. Lasers with wavelengths > 0:25�m do notdiretly heat the solid as they an not propagate beyond the ritial eletron density � 1021m�3�(1�m=�laser)2;however, heat ow from the surfae eÆiently generates the hot dense medium.1 The spetrosopi informationderived from these plasmas provides, on the one hand, diagnosti information about the plasma itself, whileon the other hand we an investigate, using spetrosopy, our understanding of the mehanisms at play in thereation of the plasma and the interation of the atoms/ions with the plasma in whih these are embedded.Here the next generation soure will provide the ability to explore laser pump-probe tehniques for high densityplasmas that have been used in low density plasmas to measure line shapes, observe radiation redistribution,and determine the kinetis proesses.2{6 In the next setion we disuss two optial pumping experiments thatan be performed with an x-ray FEL. Here we restrit ourselves to the VUV FEL ase and by doing this showlearly that these failities will provide ritial steps towards understanding the physial proesses ourring ina broad area of �nite temperature near solid density matter.Further author information: (Send orrespondene to S.J.M.: E-mail: moon1�llnl.gov)



2. RESONANT PHOTOPUMPING OF A LINE TRANSITION IN A DENSEPLASMA2.1. BakgroundSine the reation of high density laser produed plasmas there have been virtually no quantitative in situmeasurements of the kineti rates or the populations. This is a major impediment to progress, as populationkinetis of highly stripped ions is a omplex problem. The omplexity derives from the large number of statesthat must be onsidered in a model and the detail to whih one must inorporate these states. The situation ismade yet more diÆult by the rapid time evolution and large spatial gradients.1Indeed, muh of the e�ort to improve understanding of the dense plasma regime has been foused on targetdesign and advaned diagnosti development. However, diÆulties in determining the level populations and/orthe kineti rates remain, therefore, the interest has never been met with substantial improvement in experiments.The import of the next generation FEL-based soures for high energy density plasma experiments is that one anuse these x-ray soures to pump individual transitions in a plasma reating enhaned population in the exitedstates that an be easily monitored. The idea has been used in lower density plasmas with visible lasers and an,with the x-ray FEL, be employed to advane the study of high density plasmas.7, 8Variations on the idea of pumping individual transitions in high energy density plasma inlude the seletivepumping of the wings of a line transition to observe redistribution within the line pro�le and pumping of seletedtransitions to attempt to understand the inversion mehanisms for the prodution of laboratory x-ray lasers. Inall of these appliations tests of the theoretial developments in the areas of atomi proesses, kinetis modelreation, line shape formation, and x-ray gain studies would be the �rst of their kind as there are urrently noavailable probes.There are several onstraints on the x-ray soure for it to be useful as a laser probe of the high energy densityregime. First, the probe must be tunable and this is easily satis�ed. Seond, the line width of the pump must besuh that it an pump entire line pro�les and also be apable - for studies of redistribution within line pro�les -of pumping parts of the line pro�le. Again, these onditions will be readily met. Finally, we need to have a pumpthat an move enough population from one state to another so that the population hanges an be monitored.This last requirement an be veri�ed by looking at the radiative pumping rate, RLU , due to the soure omparedto the spontaneous emission rate, AUL, of the transition being pumped. This is proportional to the number ofphotons per mode and is given by9RLUAUL = 6:667� 10�22 gUgL ��AIo(W=m2) [; ℄Æ��� (1)where g represents the statistial weights of the upper and lower states, ��A and Io are the photopumping sourewavelength and intensity. The Æ� and �� are the bandwidths of the x-ray soure and the line shape of thetransition being pumped, respetively, while [,℄ represents the minimum of the two. Two important insightsemerge when evaluating the equation. First, if we onservatively assume Io � 1014W=m2 and [; ℄=Æ��� � 0:001we �nd that the ratio is approximately 1 for �L of 10 �A. This number is at least 103 larger than an be obtainedby using a plasma soure to pump a transition. Seond, the ratio does not inrease with dereasing sourewavelength, indiating that large numbers of photons per mode will not be available as we move toward shorterwavelengths so that somewhat longer wavelength will be extremely useful. This is due to the fat that thespontaneous rate has a strong inverse dependene on wavelength. Of ourse, mathing, or at least ontrollingsoure bandwidth an have salutary e�ets as indiated by the equation above.The possibilities provided by probing are illustrated with the simulation of a sample that is irradiated by ashort pulse laser. This reates a laser-produed plasma that will evolve on the time sales of the duration ofthe short pulse laser. The experiment to be performed will use a short-pulse optial laser to heat a small dot ofmaterial deposited on a CH baking. The laser spot is larger than the dot, reating a plasma blowo� from thematerial of interest that is onstrained laterally, i.e., in the diretion along the target surfae, by the more rapidlyexpanding, usually lower Z, surrounding material. At some time in the expansion we irradiate the expandingplasma as indiated in Fig. 1, whih shows a shemati of the experimental on�guration. For the VUV FELwe �nd that optial pumping of the He-like 1s2l - 1s3l is quite eÆient as the large ionization potential for



Figure 1. The shemati for the plasma spetrosopy photopumping experiments. The 100 fs short pulse visible laserimpinges on a planar sample. After laser ablation auses a plasma to form the photopump is tuned to an ion resonanethe He-like speies provides a broad range of temperature and density onditions wherein the population of theHe-like ground state, 1s2, is the dominant speies. This, in turn, leads to large optial depths in the resonanetransition 1s2 - 1s2l reating population in the 1s2l state, whih then leads to substantial population movementwhen the VUV FEL pumps this state.The sample an be made of several low Z elements that satisfy the onditions that the transition energy, �E,falls in the tunable spetral range of the VUV FEL. Thus, using simple hydrogeni saling we �nd that�E � (Z � 1)2 � 13:6 eV(1=4� 1=9) (2)so that for an VUV FEL with an upper spetral energy of 200 eV, or equivalently 60 �A, the range of possibleatomi numbers, Z; is 2 [6; 11℄. The VUV FEL has a limited energy range in whih it an operate and be tunedto spei� line transitions. We have shown that a n = 2 to 3 transition is easily obtained for elements from Cto Na and in setion 2.2 we show the interesting features of this transition. One interesting feature is that theenergy used to exite the 2 to 3 transition is suÆient to further ionize the n = 3 level stripping out the upperlevel reating H-like ions. However, if we onsider a n = 3 to 4 level transition the energy requiement to pumpthe transition is not suÆient to ionize the n = 4 level.The importane of development of an VUV probe is that it an potentially propagate through solid densitymatter, beause ritial density nr for a 100-�A laser an theoretially probe plasmas of solid densities and above.2.2. K-Shell Fluorine CaseIn the �rst example we study uorine ourring in the He-like ion stage in the late time development of theexpanding plasma. The He-like plasma is generated by a 1 J, 600 ps at 1�m wavelength foused to an intensityof 1012 W/m2. The time-dependant temperature and density was modeled using the rad/hydro simulationode LASNEX10 giving rise to a plasma that expands � 100�m/ns. The FEL is tuned to the 1s2s 1S - 1s3p 1Ptransition that has a transition energy of 133.4 eV. There are two interesting points about this sheme. First, theambient emission of the transition is small as the plasma is in steady-state at eletron temperature, Te, of 80 eVand ne of 5� 1020m�3. Seond, the population from the 1s2s 1S is pumped to the 1s3p 1P state and then anbe ionized due to the photon pump. This ours sine the pump energy is greater than the ionization potentialof the 1s3p 1P level. However, in the single photon limit the population an not move beyond the ground stateof H-like F. Thus, the population is pumped in a losed atomi system and the ability to model the responsewill be relatively straightforward.The ambient emission spetrum from experiments of this type have been observed and the results of aradiation transfer simulation11 oupled with a detailed atomi level alulation omputed with the HULLACsuite of odes12 inluding harge states from bare to Be-like and using the time-dependant plasma parametersare shown in Fig. 2 at three times in the evolution of the plasma: 1) at the initiation of the photopump thatstarts at 1 ps; 2) 50 fs later, i.e., at 1.05 ps, while the pump is on; and, 3) at 800 fs after the photopump is o�at 1.38 ps. The most notable feature of the spetrum at 1.05 ps is the substantial derease in the emission in



Figure 2. The logarithm of the emissivity versus spetral energy for an exploding Z=9 foil plasma. The plasma isphotopumped resonantly with the He-like 1s2l -1s3l starting at 1 ps after the plasma-reating 100 fs visible laser. Threetimes are shown 1) the time of initiation of the photopump at 1 ps, dashed line; 2) 50 fs later during the photopump,solid thik gray line; and 3) 800 fs after the photopump is o�, thin solid blak line.the spetral region as the population is being pumped to the hydrogeni ground state. The later time spetrumindiates that the relaxation is suÆiently slow that one does not, on these time sales, reprodue the ambientplasma emission. Thus, the evolution of the system will provide detailed information on the kinetis of thissystem.2.3. K-Shell Boron CaseIn the seond example we show what ours when we pump the He-like B resonane transition 1s2 1S - 1s2p 1Pat 205 eV. Here the situation is distint from the previous example as the pump an now photoionize the atomthrough to the fully stripped ion. This implies that the reombination to He-like will not our during the pumpas there will be no H-like speies. In Fig. 3 we show the emission at three spetral energies as a funtion of time.We note that during the FEL pump, whih is also shown for referene, the intensities at the He-like 1s2 1S - 1s2p1P and H-like 1s-3l transitions are enhaned; however, we see in Fig. 4 that this is due to ontinuum satteringof the pump. As the pump starts to derease at 200 fs o� there beomes a rapid rise in the H-like 1s-3l intensitydue to reombination from the fully stripped ion. On the other hand, the He-like 1s2 1S - 1s2p 1P intensity risesslightly as the pump drops due to residual reombination but dereases dramatially when it goes to zero. Thislatter behavior is due to the fat that the pump is resonant so that when it goes to zero the spontaneous deayrapidly depletes the n= 2 state.In Fig. 4 we show the atual spetra for various times in the history of the system. The spetra have beendisplaed in energy and shifted slightly to make the pattern visible. Note that the spetrum at 200 fs is due toontinuum emission and is atually muh more intense than the spetrum at 300 fs, see Fig. 3. It is lear from theemission spetra shown in Fig. 4 that one ould use a fration of the FEL pump to generate observable signals.The detailed information that an be obtained from these measurements would provide unique onstraints on theomplex proesses neessary to onstrut a omplete kinetis model for highly harged ions. Indeed, we hose touse as an example the K-shell spetra as it is easily interpretable; however, the generation of L-shell and M-shellmodels are also of importane and raise the level of omplexity substantially. That is, the need for experimentsthat an provide basi information on the proesses neessary to build kinetis models is independent of theatomi number.



Figure 3. The absolute intensity versus time from the start of the FEL pulse for three energies. The solid blak urve isintensity at the energy of the H-like B n=1 to 3 transition, the solid gray urve is the intensity at the He-like B 1s2-1s2p1P transition where the photopump is tuned, and the dashed urve is the intensity of the ontinuum at 277 eV. Forreferene the shape of the FEL pulse is shown in gray.

Figure 4. He- and H-Like B spetra shown as relative intensity versus energy in eV. The spetra are labeled for thevarious times relative to the initiation of the FEL pump at 0 fs. To illustrate the spetral shapes the spetra are shifted inenergy and displaed in intensity. See Fig. 3 for the absolute intensity as a funtion of time. For referene the transitionsof the He- and H-like transitions are indiated for the 0 fs spetra
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